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FOREWORD
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Systems Division.
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ABSTRACT

Designs and analyses for the STEPS M converters and generator are presented.

Performance expected from the converters and from the system in solar operation
is estimated.

Test results are given for preliminary converters used to evaluate spacing tech-
niques and cathode materials.
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1.0 CONVERTER DESIGN AND ANALYSIS

1.1 Converter Design Concept

I The design of converters for use in the STEPS MI "integral generator" has been
based on three objectives:

J 1) Advance the state-of-the-art toward higher converter efficiencies and greater

power densities, such as would be applicable for flyable systems.

j2) Provide a long life design of high reliability.

3) Produce converters suitable for generator testing which are reproducible and
can be used as test devices to compare variables such as spacing and cathode-
anode material combinations.

In addition, the design was based on mechanical configurations that had been pre-
viously proven in designs fabricated and tested by the General Electric Research Labora-
tory and Power Tube Department. Converters have been designed to use cathode materials
of rhenium or tantalum and anode materials of rhenium, tantalum or molybdenum. This
analysis of converter performance is given for an emission level as represented, for
example, by reported data on rhenium-molybdenum. The analysis applies to any material
combination with this emission level.

In the STEPS M Program the converters will first be used to test and evaluate a
variety of cathode-anode materials for specified periods of converter life. In order to
provide consistent test data, the converter must be able to operate with a fixed spacing
which may be reproduced from tube to tube in order to remove spacing as a variable
from the test results. In order to accomplish fixed spacing, a system of tungsten pins,
a tungsten tensile rod and an envelope bellows section have been introduced into the de-
sign which provides reproducibility in spacing with variations less than 0.0002 inches
from tube to tube. This spacing mechanism should prove constant with time and tempera-
ture.

While providing a mechanism for comparison of test results, the tube configuration
also will provide a cool seal region, which, coupled with the invariant spacing, should
prolong tube life by removing structural problem areas.

The design of the tube has incorporaed the highest reported emission data, and

cathode temperatures in the 1750 K to 1950 K range. Operation at other cathode tempera-
tures may then be optimized by suitable radiation shielding of the anode fin to provide
optimum fin temperatures over the desired range of cathode temperatures.

Figure I shows the final C Series converter design. Parts 4, 13 and 18 in Figure
I illustrate the pin spacers, tensile rod and spring, respectively.

1 1.2 Anode Temperature Selection

The anode temperature has been selected on the basis of data obtained at the
General Electric Research Laboratory on planar converters, published in Reference 3,
and plotted in Figure 2. The converter size was selected to achieve the optimum anode
temperature at peak power operation and will run considerably cooler at other operating
points. Optimized anode temperature may then be achieved by varying anode radiator
shielding to increase the fin temperature, thus increasinj the temerature of the anode.
From Figure 2, the optimum anode temperature is 1030 K at 1950 K cathode temperature.
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1.3 Gap Losses

The louses in the converter gap are in the form of:

a) Radiation transferred from cathode to anode

b) Heat conducted through the cesium vapor

c) Electron cooling losses

The radiation loss, cr, across the gap may be calculated from the relationship:

where: o = Stephan Boltzman constant = 5.67 x 10"12 w/cm2 oK 4

S= Emissivity of the cathode = 0. 3 @ 1950 0 K

a = Emissivity of the anode = 0. 15 @ 10300 K

Tc = Cathode Temperature - OK
T a = Anode Temperature - 0OK

A = Projected cathode anode area = 2.85 cm2

Solving (1) for qr, we have:

qr = (5.67) (2.85) (14.41 - 1.12) = 21.4 watts (2)
=(3.33 +6.66-1)

The cesium conduction loss, q may be calculated by the method outlined in
Reference 2. This yields a loss of:

qcs = 7.8 watts (3) J
The electron cooling loss, qec' may be calculated from:

S~2kT
qec =( (c + e-C) (4)i

where: I = emission current - amperes
Vc Richardson potential - volts I

2 kT 
ie = random energy of the electrons - volts

Figure 3 shows a plot of electron cooling losses versus output voltage for various
cathode temperatures. Emission data is based on data published in eference 4. The
computations are based on an average cathode-anode area of 3.0 cm .

1 41
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1.4 Slacing Method

Spacing of the emitter collector surfaces is accomplished by means of six tungsten
pins brazed into alumina caps which are imbedded in the anode surface. This is shown
as part #4 in Figure 1. The emitter is held against these pins by a tungsten tensile rod I
and spring (Figure 1, parts 13 and 18, respectively). The spring is designed to exert a
150 gram force on the collector holding the gap fixed against collector pin structure.

In order to compensate for tendencies of the gap to change due to thermal expansion
in the envelope, a flexible bellows configuration has been introduced into the envelope
structure. This bellows section also provides a Long thermal path to the seal region andeffectively shields the seal region from radiation from the higher temperature regions of I
the envelope and generator.

1. 5 Operating Characteristics I
In order to determine the losses through the spacing pins and the general operating

temperature of the ceramic portion of the spacers, let us assume the following: j
a) Radiation from the cathode to the ceramic is negligible compared to the con-

duction losses since the ceramic area involved is quite small.

b) The temperature of the anode-slug at the point where it makes contact with
the ceramic is determined chiefly by other gap losses. The electron cooling
loss will account for most of the heat passing through the anode. J

Therefore, based on the spacing pin geometry as shown in Figure 1, the following
may be defined:

T = Cathode temperaturec
Ts1 = Temperature of ceramic where pin contacts cup

T s2 = Temperature of ceramic at ceramic-anode interface

Tal = Temperature of anode at ceramic-anode interface

q = Heat passing through one spacer pin assembly I
kp = Thermal conductivity of pin = 1.04 w/cm0 C
A = Cross section area of pin = 0. 00425 cm 2

Sp = Length of pin = 0. 267 cm

A = Cross section area of ceramics base = 0.0324 cm2
c

d = Cup bottom thickness = 0. 0508 cm

k = Thermal conductivity of ceramic = 0.076 w/cm- 0 K

h = Heat transfer coefficient across contact area between the cup and anode.

Then the following heat balances may be written:
[kpA IM

q = p (T - Ts) conduction through fin (5)IP c sl

kcAc
q = c d c (T81 - Ts 2 ) conduction through cup base (6)

[6



1K

q - hAc (T -T heat transferred across contact (7),2 a between cup and anode-slug

Since the electron cooling loss, radiation loss, and cesium conduction loss will
contribute most of the heat transferred to the anode, let us compute the temperature Tal
based on this quantity of heat, qg.

From the preyious calculation of gap losses:

+ q ec+ r+esqec + 21. 4 + 7.8 (8)

The peak power point will occur in the vicinity of 0. 6 volts at 1950 0 K. Figure 3
shows an electron cooling loss, q = 179 watts at this voltage, which gives:

qg = 179.0 + 21.4 + 7.8= 208.2 watts. (9)

Then Tal may be computed, based on the drop across the anode between the anode
surface and the shelf surface. A portion of this heat will be transferred by radiation
across the slot forming the anode shelf and a portion by conduction through the solid
section of the anode slug.

Assuming that the variation of temperature in the radial direction is small in the
lower portion of the anode, the drop across the anode slug to the anode side of the shelfi slot may be calculated by setting the thermal throughput, qg, equal to:

k A
T2 1030- (208.2 - 10) )

0- (0.125) ( 2.54) + 1030 = 1030 - 20.8 = 1009.2 OK (11)

Therefore, assuming uniform temperature radially across the slug:

I A 4 4 ka An
qg = - (T a2 Ta 4 ) + __ (Ta2 - Tal) (12)

where: As: Surface area of the slot parallel faces = 1.47 cm2

s

4E Emissivity of slot surfaces 0.3
C = Stephan-Boltzman constant = 5. 67 x I 1 2 w/cm2 4

k = Thermal conductivity of molybdenum = 1. 11 w/cm OK

A = Cross section area of anode neck at this point 1 1. 37 cm
n

a = Width of the slot = 0.0635

The radiation term becomes negligible for the small temperature difference under
consideration and thus:

al ' 1000 0 K (13)

7



Td. The system Of equations given by (5) through (7), must now be solved for T5 1 and I

5 as: The value for the contact resistance may be conservatively estimated from Reference

h = 0. 286 w/cm2 OK (14)

for the conditions of pressure and temperature between the ceramic and the anode shelf. U
EquatIng (5) to (6) and (5) to (7) we have: I

(0. 01925)(1950 - To,) - 0. 0664 (Tol - Ts 2 ) (15)

(0. 01925)(1950 - T 1 ) . 0.0916 (Ts2 - Tal) (16) 1
Solving for Ts 1 and Ts 2 , we have: I

Tsl = 1646 OK (17) I

Ts2 = 1543 oK (18)

The heat lost through each spacer pin is: I
q = 5.02 watts/pin (19) ]

The total spacer loss, qasi is therefore:

qsp = 30. 12 watts (20)

1.6 Anode Fin Sizing J
The anode fin operating temperature must be determined by the following criteria:

a) The fin temperature and radiating area must be sufficient to dissipate the heat I
delivered to the fin.

b) The fin root temperature must be commensurate with safe seal operating 1
temperature.

c) The fin size must be minimized in order to keep overall converter weight
down.I

In order to insure long seal life, the seal temperature should be maintained at S
870°K or less. Since the seal will run at slightly higher temperatures than the fin root,
the fin root temperature must be lower still. Reducing the fin temperature necessarily
requires an increase in fin area and consequently fin weight. Thus, these two require-
ments are somewhat in conflict and require some tradeoff. 3

In order to maximize fin effectiveness, the fin material will be OFHC copper.
This allows a thinner and consequently, lighter fin to be used. I

81



SThe fin and anode slug will be sized at peak power operation at 195 0 °. At
other operating points, the fin may be partially shielded in order to achieve the proper
anode operating temperature.

At 1950 0K, a rough calculation shows that the peak power point will occur at
approximately 0. 63 volts. Thus, from Figure 3, the electron cooling loss is 165 watts.
Also, the heat transferred by radiation from the envelope to the anode slug will be
approximately 27 watts. Thus, the total heat, qTa, delivered to the anode fin through
the anode slug will be the sum of: the radiation across the gap, the cesium conduction
loss, the heat radiated to the anode from the envelope, the heat lost through the spacers,j and the electron cooling loss. This gives:

qTa ' 251.3 watts (21)

Since the spacing mechanism fixes the structure of the anode, and the thermal
distribution in this area is known, the thermal balance between the anode slug and radiating
fin may be written as:

k Aa (
qTa I a -0.32 (Tal-Tf) (22)

: 17 f Af Tf4 (23)

where: ka = Thermal conductivity of the anode slug = 1. 18 w/cm OK
A = Cross section area of the anode = 2.39 cm 2

a
I = Length of the anode slug from the anode surface to the fin
T = Fin effectiveness

a = Stephan-Boltzman constant = 5.67 x I0"12 w/cm2 o K4

A = Surface area of the anode fin

Tf = Temperature of the anode fin root - K

T al = Temperature of anode shelf

The copper fin with 65 mil thickness allows a fin effectiveness of 0. 86. The finwill be coated with an aluminum-.silicon coating which has an emissivity of approximately

0. 82 in the temperature range under consideration.

Therefore, solution of Equations (22) and (23), as a function of fin root tempera-
IT ture, for a and Af, gives the curves shown in Figure 4.

0aSince there may be as much a a 50 C drop across the seal, the anode fi root
temperature will be selected as 820 K. This requires a radiating area of 139 cm and

an overall anode slug length of 2.34 cm, as determined from Figure 4.

1.7 Envelope - Lead Optimization

The overall length of the converter has been established by selecting the anode fin
temperature and thus, the anode slug geometry. In addition, the bellows configuration
of the spacing assembly is fixed. Therefore, the only portion of the lead - envelope

9
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geometry that can significantly contribute to the electrical resistance losses and thermal
conduction losses, is the tantalum envelope section below the bellows.

jThe efficiency of the device, r, will be expressed as:

II (24)

where: P = Electrical power output available at the cathode-anode before lead
losses - watts.

Po - Resistive loss in the leads - watts given by 1IRe

Swhere: I - Output current - amperes
Re = Electrical resistance of leads - ohms

Q = Total thermal throughput including electron cooling losses, gap losses,TI and envelope radiation to the anode slug - watts

Qce = Thermal losses by conduction down the envelope and leads - watts.

II The heat conducted down the leads, Q , may be expressed as:

(Tc - Tf)

Qce m RTB

where: RTB= The thermal impedance of the leads - °K/watt

T = Cathode temperature - OK

Tf = Fin temperature at electrical feed-through - K.

Therefore, calculation of efficiency as a function of I/A ratio of the emitter
envelope and output voltage results in Figures 5 and 6. On the basis of optimum efficiency,

I these show the optimum I/A ratio in the vicinity of I/A = 30, yielding an efficiency of
10.66% with a power output of 23. 8 watts at peak efficiency. However, looking at the
variation of power output with efficiency we find that while peak efficiency varies from
10.4% to 10.6%, the respective peak power output varies from 30.9 watts to 26.9 watts.
Therefore, for an increase of only 0.2% in efficiency we take a decrease of 4.0 watts in
usable power output. Since the 0.2% in efficiency is well within calculation error, it is
more reasonable to accept a slightly less efficient converter with a thicker envelope.

1.8 Predicted Converter Performance at 19500K

Figure 7 indicates the predicted efficiency and power output of the converter at
1950°K cathode temperature, based on the emission data used and the preceding calcula-
tions.

11
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2. 0 GENERATOR DESIGN AND ANALYSIS I
2.1 Generator Design

The "integral generator," selected as the best design to meet the objectives of the
STEPS mI program, is shown In Figures 8 and 9. These figures, respectively, show
configurations for solar and laboratory (electron bombardment) test evaluation. The gen-
erator sections that contain the converters are identical for solar and laboratory config- i
urations but the front and back generator sections differ.

This generator was designed to serve dual purposes as follows:

a) Complete generator unit for solar or laboratory evaluation, to advance the
state-of-the-art toward obtaining larger power output at usable voltage levels
with low specific weight. |

b) Calorimeter to determine single or multiple converter performance by accurate
measurement of converter efficiency in either solar or laboratory testing.

Generator design and analysis is based on a four-converter configuratton,with all
converters in one plane suitable for opeyation in the 1750-19500 K temperature range.
Converters with a cathode area of 3 cm are used giving a total emitting area of 12 cm'
for the generator. Various design concepts and specific insulations have been evaluated
(see Reference 1) with respect to thermal efficiency, weight, life, fabricability, and
mechanical integrity. The design is an extension of the CVG three-converter design re-
ported in Reference 2 and evaluated in solar testing for over 130 hours above its design I
point temperature of 1650 0 K.

Significant features of the integral generator design are: I
1) Anode fins form generator frame, simplifying the design, reducing weight,

and providing the converter alignment reference. 1
2) Reduced complexity of the generator, allowing simpler configuration of parts

(such as, cathode shoes or radiation shields), wider tolerances, and lower
fabrication costs.

3) Improved insulation efficiency through the use of more shields in less space
than the CVG design. (Use of .002 inch shields allow 134 shields per inch
of thickness. ) 1

4) Reduced weight primarily through the use of molybdenum radiation shielding
and using anode fins as the generator frame.

5) Heat losses through joints between radiation shields is minimized through the
use of tungsten wool fillers, right angle shields (see Reference 1), and wider
tolerances.

6) Generator insulation life should be greater than 10, 000 hours with the use of
twelve tantalum shields at the high temperature cavity boundary to avoid the
vapor pressure problem. Molybdenum can be used satisfactorily for all
remaining shields.

7) Cavity similarity with CVG is retained so test results can be easily compared. I

I1I
14 1



SFI

II
I _r ..

I

I

I
I.

Fiue8Ieeao aot-SlrTa

I1



______ _____ ________

S,,11'

I
]

I

!

Figure 9. Generator Layout - Laboratory Test



Since the generator is fabricated in individual sections, it can serve the purpose
of a high temperature calorimeter to evaluate converter efficiency. This is done by
fabricating sections without the opening for the converter, and measuring thermal loss
from a generator or calorimeter made up of four blank converter sections plus the front
and back sections. Then, by introducing a single converter, its efficiency can be
accurately determined. Accurate values of efficiency are particularly important since the
weight of a total solar thermionic power system is primarily dependent on converter and
generator efficiency. The present design could be used to accurately measure efficiency
in either solar or laboratory testing.

2.2 Generator Analysis

2.2. 1 Performance Expectd

Performance of the STEPS M generator has been predicted for both solar and
laboratory testing for the design-point temperature range of 1750-19500 K. This analysis
is based on the collector generator system study of Reference 1, on the analyses of thermal
loss subsequently outlined in this report, and on the expected converter performance as
summarized in Figure 7.

Based or these results, a total power of 1790 watts is required for the generator,
with four 3 cm converters, in a ground based solar test in the General Electric Solar
Test Facility in Phoenix, Arizona. At 1950 0 K with converters operating at peak power,
an overall generator efficiency of 6. 5% is expected. This represents electrical power
output divided by all solar power entering the cavity. For the same condition, but with
converters at predicted peak efficiency, the generator power requirement is 1585 watts
and the generator efficiency is 6. 8%. As a comparison, the CVG generator, described in
Reference 2, has attained 2.8% generator efficiency when operating at 19400 K, although
it was designed to operate at 1650&K.

An estimate of generator performance in a space environment and with solar in-
solance of 130 watts/ftl has also been made. A collector reflectivity of 0.90 and a shadow
area of 5% were assumed. Calculations were made for three collector diameters, 5, 3. 5
and 2 ft, with 450 rim angle. Orientation accuracy of six minutes was assumed. The
power entering the aperture under these conditions is shown in Figure 10. Subtracting
cavity reflection, re-radiation, and aperture-cone losses, the net energy available to the
generator for thermal loss and converter power is shown in Figure 11. The maximum
values for net available power cross-plotted versus cathode temperature are shown in
Figure 12.

Based on the subsequent analysis of generator losses and expected converter per-
formance, the generator is expected to require 1320 watts net power at 19500 K cathode

I IItemperature. Interpolating from Figures 11 and 12, this power could be supplied by a col-
lector of 4.2 ft diameter and an aperture of 0.77 inches. For these conditions, the overall
generator efficiency at converter peak power will be 7.2%, and the overall system efficiency
will be 6.4% in space.

Performance of the generator in the laboratory, with an electron bombardment
heater as shown in Figure 9, has also been estimated. For the laboratory configuration
with four (4) converters operating at 1950 0 K at peak power, the expected efficiency is 9. 4%.
The higher efficiency for laboratory testing is due to the lack of aperture losses.

Generator power requirements for operation at 1750°K, 18500 K, 1950°K tempera-
tures, used to predict generator performance, are calculated by methods to be outlined
later in this report. Results of the calculations are given in Table 1, with the tabulated
values of converter thermal requirements being based on Figure 13. The thermal losses,
as shown in Table !, give a means of relatively comparing the contribution of each com-

17
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TABLE 1. STEPS M GENERATOR, PREDICTED THERMAL I
POWER REQUIREMENTS

(Power requirements and thermal losses are tabulated In watts) I
CATHODE TEMPERATURE

175doK 18OX1950

Co mponents - Solar Test:

Converter (1) Peak Power 212 256 284 watts I
Peak Efficiency 187 196 238

Cavity Reradlation & Reflection 192 241 300
Aperture Cone 86 91 94
Converter Section (1) I

Radiation Shields 7.8 9.8 12.2
Support Wires* 1.1 1.2 1.3

Front Aperture Section (1)
Radiation Shields 4. 3 5.3 6.6 I
Support Wires* 0.2 0.2 0.2

Back Section (1)
Radiation Shields 7.4 9.2 11.5
Support Wires* 0.2 0.2 0.2

Additional Laboratory Test and
Calorimeter Components:

Dummy Converter Section (1)
Radiation Shields 8.0 10.0 12.4
Support Wires 0.4 0.4 0.4

Front Heater Section (1)
Radiation Shields 7.4 9.2 11.5
Support Wires 0.2 0.2 0.2 I

Heater Lead Ceramics (2) 4. 5 4.7 5.0
Thermocouple Leads & BeO Insulator (1) 2. 5 2.6 2.8I1

I

*Wires that support and hold radiation shields in position.

2
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II ~ponent to the total thermal loss. The relatively small values of thermal lose through the

radiation shielding are indicative of the accuracy with which this generator can serve asa calorimeter to measure absolute converter efficiency.

2.2. 2 Thermal Losses Through the Insulation

The insulation used in this generator ti composed of multiple radiation shields, of
- 002" thick molybdenum, held apart by. 006" high dimples. The shields are supported by
* 010" tungsten-rhenium wires.

Radiant heat loss through a multiple radiation shield assembly, with shields of11 equal emissivity, is given by:

A 1 (26)

1 A + B \N I

and Q/A Ba (T4 To4) "B (27)

where: QIA = Radiant heat transfer per unit area

I fa i Stefan-Boltzman constant

T = Temperature

II ( * Emissivity of the shields

11 N = Number of shields

and: subscripts A and B refer to the inside (cavity) and outside shields of the
assembly respectively. Subscript 0 refers to the external environment.

Combining Equations (26) and (27) to eliminate TB, gives:

T 4  TA 4

T B A (28)

where:

I i =B 1 + 1+N -1 (29)
BL[A '(B \N J

introducing (29) into (26): , - 4)]

Q/A B (TO A (30)

2+3

23



II

Heat lose through the wires that support the radiation shields is given by:

Q= KA (1

where: K - Conductivity

A - Wire cross-sectional area

L a Wire length

ST a Temperature differential between the ends of the wire. I
The heat loss through the various sections of the generator has been calculated

from these equations and Is given in Table 1. The external environmental temperature
for both laboratory and ground-solar testing is ressumed to be 3000K. Effective emissivity
of the molybdenum and tantalum radiation shields has been assumed as 0. 3. The emissivity
of the anode fins, which form the outer frame of the shield package is assumed as 0. 8.
Experimental evaluation of the CVG shielding indicated that use of these values, with con- I
duction through dimples neglected, gave close correlation with total heat transfer through
the shielding.

2.2.3 Re-Radiation and Reflection Losses

The cavity solar absorptivity for the STEPS MI generator, (Reference 6) is given by: j
FA 1" (1 - a) (I --- ) (32)

where: FA - Cavity solar absorptivity

= Cathode shoe solar absorptivity j
0 is defined as the average fraction of light which is either reflected or emitted

from the surface of cavity interior, and passes directly out of the aperture. This view
factor 8 is highly complex and difficult to obtain for the variety of cavities which may be
used.

The cavity reradiation loss is given by: "i

QR a F B a Tc 4 Ac (33)

where: Tc a CaLty temperature (OK) 1
Ac a ( Avty inside surface area (in2)

a = Stephan- Boltzman constant

= 3.657 x 10 "II1 watts/in 2 o°K4

Fr is defined by: w i

FR" 01- (1 - e 1-('(4

where: ( a Total hemispherical emissivity of cathode shoe material
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For a cylindrical shaped cavity a numerical procedure has been developed based
upon the configuration factors described In Reference 7. The cylinder of radius R. and
length L is divided into a number of small rings of length A L and area Aj. The config-
uration factor, F1, of one of these rings with respect to the cavity aperture radius, RA,
is given by: SRA2+ X2

-1mx- e e (35)

R c R c Rc _

where: X a Distance from the aperture.

This function has been tabulated and is illustrated in Figure 14.

fl In addition, the configuration factor for the rear or back disc of the cavity can
be calculated from:

F1 R-n1/2 ( X -J -4x E 2D2) (36)

where: E - RA

2 2X a l+(0 E )D

ID L
R

c

h This function has been tabulated and shown on Page 104 of Reference 8.

Since configuration factor has been defined as the portion of energy leaving the
area under consideration which passes out the aperture, 6 can be given as:

L
rL AiFi + ARFiR (7

i I R M (37)

where: Ac a Cavity internal surface area

11 Fi = Configuration factor for cavity side ring

A1i - Area of cavity side ring

AR a Area of cavity rear

F1i = Configuration factor for cavity rear
R

The summation in Equation (37) indicates that the areas and configuration factors of the
cavity are summed over the cavity length.
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The STEPS M generator cavity is rectangular &ad Is 1. 53 inches long and 1. 15 Inches
between cathode surfaces. The Inside surface area of the cavity is:

Ac Ao . .69- .785 DAA In2  (38)

where: DA is aperture diameter.

| !i Although the cavity is rectangular, it will be approximated by a cylinder 1. 53 inches
long with an equivalent radius RC of:

22 Ic (L.53)+ 2 Rc .9.69 (39)

orII R *.692 In.c

11 The cathode shoe material which forms the cavity is tantalum. From Reference 8,
the absorptivity and emissivity for tantalum are:

a TA

•TA -. 30

11 Using equations 32, 34 and 37, the cavity solar absorptance and re-radiated power
can be calculated versus aperture diameter. These results are shown in Figures 15 and 16.
The total loss by reflection and re-radiation at various cathode temperatures has been
given in Table 1.

2.2.4 Thermal Loss from Aperture Cone

11For the solar test version of the STEPS m generator, one means of heat loss from
the cavity is through the aperture cone. Heat that is picked up by the lip of the aperture cone
is carried away by conduction along and radiation from the cone. An analysis of this loss
is made by considering the cone as a radiating fin. It is assumed that one side of the cone

Ll is insulated and that the radiation will be the same as that from a flat circular plate having
an area equal to the projected area of the cone.Ili

I HThe cone has an outer diameter of 2.60 inches and is fabricated from . 020 inch
thick molybdenum. The projected surface area is .0454 sq. ft. Conductivity for molybdenum
is 80. 6 Btv/hr ft OF. Emissivity for the highly polished cone is assumed as 0. 28. The lipI! temperature is assumed to be the cathode temperature. The environment temperature is
assumed to be 3000 K. Values of heat loss for various cathode temperatures are shown

in Table 1.
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3.0 CONVERTER TEST RESULTS

3.1 Description of Converters

Three converters of the preliminary A and B Series designs were tested. Although
these converters will fit into existing generators, they were primarily built to
evaluate certain materials, design concepts, and fabrication techniques and were not
optimised for geometry, as were the subsequent C Series converters. However, the
test results are significant for obtaining a preliminary estimate of achievable performance
on planar converters suitable for use in a solar generator system.

All converters on this program have been designed to hold a relatively constant
spacing, both hot and cold, to improve reproducibility. The best method available was
the use of pins or posts between the cathode and anode. These pins rest on alumina
insulators recessed into the cooler anode, out of the plasma region. Thus, deteriora-
tion of the ceramic insulator should not occur as it would if used directly on the hot
cathode. Spacing was maintained by designing for a slight pressure on these pins, either
through a spring or thermal expansion. Using this technique, measured spacing during
cycling varied only 0. 0002" between the hot and cold conditions. The inevitable thermal
mismatches between anode and envelope expansion rates were accounted for by flexible
bellows sections located in the envelope near the metal-ceramic seal.

Description of the converters tested is as follows:

A-l: Mo-Mo at 0.002" spacing
Spacing held constant by 4 - 0.030" W-Re pins resting on the cathode
and seated in alumina cups that are recessed into the anode. Pres-
sure on pins is maintained through differential thermal expansion
of the anode and envelope. Flexible bellows in envelope adjacent
to the seal allow for thermal expansion mismatches.
Cathode Area 3.08 cm 2

Cathode Area minus Pin Area 3.06 cm 2

Anode Area 2.77 cm 2

Anode Area minus Spacing Pin Holes 2.62 cm 2

B-i: Ta-Ni at 0. 005" spacing
Spacing held constant by six tungsten pins welded into cathode and resting

on an alumina ring around the anode. Pressure on the pins is
maintained by a spring loaded tungsten tension rod welded into the
cathode and extending through the anode. Flexible bellows in envelope
below seal allow for thermal expansion mismatches.

B-2: Mo-Ni at 0. 005" spacing
Spacing held constant by six tungsten pins resting on the cathode
and seated in alumina cups in the anode. Tension rod and bellows
same as B-I.
B-i and B-2:

Cathode Area 3.28 cm

Cathode Area minus Pin Area 3.24 cm 2

Anode Area 2.85 cm 2

Anode Area minus Spacing Pin Holes 2.62 cm 2
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f- S.2 Converter Performance

Converters B-i and B-2 were both operated more than 50 hours during perform-
& anee evaluation. Tests were conducted with the converters mounted horizontally in a
SCVG insulation section, and heated by electron bombardment, as shown in Figure 17.
Steady state E-I characteristips of the converters are given in Figure 18 and 19. Two
E-I curves are shown at 1950"K for each converter, indicating the best power output
obtained and the power output after 40 to 50 hours of operation. In addition, a set of data
was generated on the characteristics of the Mo-Ni converter, B-2, showing variation
with cesium reservoir and anode fin temperature. This data is given in Figures 20II through 27.

Converter A-i was tested in the vertical position but power output cc, 1 d not be
optimized since the anode was operating too hot. An output of 4 3 watts/cm at 1950-K
was achieved. This pin spacing design was heat cycled to 1750 K, with spacing, asI 1measured by capacitance, varying from 0. 0018" cold to 0.0020" hot.

Spacing techniques used in both the A and B series designs seemed to work quite
well in maintaining constant spacing. Also, no anode-to-cathode shorting problems have
been encountered during steady state or cycling operation.

I3
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